Introduction {#sec1}
============

Balloon dilation and stent implantation are widely applied in cases of vascular stenosis, which have a higher recurrence rate after 1 year (19.7%) and 5 years (60%) post-operation, hence seriously affecting the long-term curative effect.[@bib1], [@bib2], [@bib3] Restenosis after interventional therapy is largely due to injured local blood vessel walls caused by percutaneous transluminal angioplasty (PTA), which gives rise to excessive inflammation and repair responses and have always been a problem in interventional therapy.

Vascular endothelial cell injury initiates a series of pathological processes that promote excessive vascular smooth muscle cell (VSMC) proliferation, resulting in intravascular restenosis.[@bib2] Recently, it was shown that inflammatory responses play an important role in the genesis and development of restenosis.[@bib4] Histological and biochemical investigations have shown that platelets and white blood cells are very active following stent surgery in a series of inflammatory responses.[@bib5], [@bib6] Hence, inhibition of the VSMC proliferation and inflammation induced by PTA may be essential in the suppression and treatment of restenosis.

Tumor necrosis factor α inducible protein 3 (TNFAIP3) or A20 is a plasmosin that is effective in decreasing inflammation, atherosclerosis, SMC proliferation, and cell apoptosis, as well as providing protection to endothelial cells.[@bib7], [@bib8], [@bib9] Evidence has shown that local transfection of the A20 gene effectively counteracts endomembrane hyperplasia after carotid artery injury.[@bib10], [@bib11] However, the exogenous genes showed little incorporation into the transcriptionally active areas of the genome. Moreover, the number of endogenous cellular transcription factors is very limited; thus, the exogenous gene promoter may not recruit enough transcription factors. However, a small amount of artificial transcription factor (ATF) can effectively activate endogenous proteins.[@bib12] Presently, researchers have designed a zinc-finger protein (ZFP, which is the structural basis of ATFs) for A20, and the results have shown that the ZFP can activate the expression of A20 protein in vitro.[@bib13] Therefore, we hypothesized that overexpression of endogenous A20 protein through the ATF-based recombinant adenovirus vector (named rAd.ATF) may suppress PTA-induced restenosis.

Proliferator-activated receptor alpha (PPARα), a ligand-activated nuclear receptor, has been shown to play a protective role in inflammatory diseases, such as atherosclerosis, multiple sclerosis (MS), and trauma.[@bib14], [@bib15], [@bib16] Both A20 and PPARα could inhibit NF-κB activation, and this anti-inflammatory effect is related to their zinc-finger domain. Research has shown that zinc supplementation could inhibit the secretion of inflammatory cytokines in vitro and in vivo through the upregulation of the anti-inflammatory proteins A20 and PPARα. It was shown that A20 could protect mice from lethal liver ischemia reperfusion injury by increasing PPARα expression.[@bib17] In addition, studies have reported that PPARα may inhibit the proliferation and migration of VSMCs.[@bib18], [@bib19] Thus, we hypothesized that A20 may suppress the occurrence and development of restenosis via the increased expression of PPARα in a rat carotid artery restenosis model.

Considering this important phenomenon, we constructed a recombinant adenovirus vector of ATF (rAd.ATF) and ascertained whether it could trigger endogenous A20 protein expression. We observed the inhibiting effect of rAd.ATF on balloon dilatation-induced restenosis in rat carotid arteries and elucidated the potential mechanism of A20 that is involved in the retardation of restenosis.

Results {#sec2}
=======

A20 Expression Significantly Increased after Rat Carotid Angioplasty, Mainly in Proliferous VSMCs {#sec2.1}
-------------------------------------------------------------------------------------------------

We detected A20 expression in rat carotid arteries after balloon dilation using real-time qPCR. The results showed that compared with the control group, A20 expression was significantly increased in rat carotid arteries at 7, 14, and 28 days after balloon dilation and reached its peak on day 7 ([Figure 1](#fig1){ref-type="fig"}A). The direct cause of restenosis is pathological VSMC proliferation. Hence, the expression of A20 in VSMCs was detected by immunofluorescence staining. The result demonstrated that A20 (red) is mainly expressed in VSMCs (green) in the intimal hyperplasia 7 days after balloon valvuloplasty ([Figure 1](#fig1){ref-type="fig"}B). These results suggest that A20 may play an important role in the PTA-induced proliferation of VSMCs.Figure 1A20 Expression Was Significantly Increased after Balloon Injury in Rat Carotid Artery(A) A20 mRNA expression was examined at the indicated time points after balloon dilation injury in rat carotid arteries. Data are expressed as means ± SD (n = 3). \*p \< 0.05; \*\*p \< 0.01 (compared with sham). (B). Immunofluorescence staining showed that A20 was mainly expressed in smooth muscle cells at 7 days after balloon dilation injury in rat carotid arteries (anti-alpha smooth muscle actin \[SMα\]: green; A20: red). The arrows show co-localization of A20 with vascular smooth muscle cells (VSMCs) post balloon dilation injury. Scale bar, 20,000 nm.

Transfection of rAd.ATF in Rat Carotid Arteries Activated the Expression of A20 {#sec2.2}
-------------------------------------------------------------------------------

We constructed the ATF (targeting A20) adenovirus vector named rAd.ATF; its functional mechanism is shown in [Figure 2](#fig2){ref-type="fig"}A. rAd.ATF was transfected into rat carotid arteries during balloon dilation surgery; subsequently, the expression of A20 was evaluated. Blood vessels at the operative site were collected at days 1, 7, 14, and 28. Expression of A20 was detected by real-time qPCR. The results indicated that the level of A20 was significantly increased after rAd.ATF transfection compared with the sham group, and that the expression of A20 remained high at 28 days after rAd.ATF transfection ([Figure 2](#fig2){ref-type="fig"}B). Then the expression of A20 protein among the PTA + saline, PTA + rAd.βgal, PTA + rAd.A20, and PTA + rAd.ATF transfection groups was evaluated using western blot at 7 days after transfection. The result showed that the expression of A20 was markedly increased in the rAd.A20 and rAd.ATF groups compared with the non-transfected group ([Figure 2](#fig2){ref-type="fig"}C). Immunohistochemistry further validated that the expression of A20 was significantly increased in the rAd.A20 and rAd.ATF groups compared with the PTA + saline and PTA + rAd.βgal groups ([Figure 2](#fig2){ref-type="fig"}D). Interestingly, the increase of A20 in the rAd.ATF group was significantly higher than in the rAd.A20 group. These results confirmed that rAd.ATF transfection could effectively initiate A20 expression in vivo.Figure 2rAd.ATF Transfection Activated A20 Expression in Rat Carotid Arteries in This Restenosis Model(A) Schematic of the mechanism of A20 gene targeting by ATF. (B) Two microliters of rAd.ATF virus solution (1 × 10^8^ TU/mL) was administered at the injured site immediately after balloon dilation of rat carotid arteries; then A20 mRNA was detected at the indicated time points after rAd.ATF transfection by real-time qPCR. \*\*p \< 0.01 (compared with saline and 1 day). (C) A20 protein expression was assayed by western blotting at the operative site of the carotid artery from the different groups at 7 days after balloon dilation injury. \*p \< 0.05 (compared with PTA + saline and PTA + rAd.βgal); \*\*p \< 0.01 (compared with PTA + saline and PTA + rAd.βgal); ^\#^p \< 0.05. (D) A20 expression was assessed by immunohistochemical analysis at the surgical sites of the carotid arteries from the indicated groups at 7 days after balloon dilation injury (original magnification ×400). All data are expressed as the means ± SD (n = 3--4).

A20 Expression Initiated by ATF Significantly Reduces Balloon Dilatation-Induced Neointima Formation {#sec2.3}
----------------------------------------------------------------------------------------------------

The inhibitive effect of A20 protein on PTA-induced neointima formation in rats was previously reported using rat carotid artery restenosis models.[@bib11] To explore whether ATF can prevent neointima formation more effectively, all animals underwent PTA surgery, and the balloon-injured vessels were locally treated with saline, rAd.βgal, rAd.A20, or rAd.ATF. Histomorphological analyses of the balloon-injured carotid artery sections revealed significant focal neointimal hyperplasia in the saline and rAd.βgal groups, but obvious neointimal hyperplasia was not observed in the rAd.ATF- and rAd.A20-treated groups. The neointimal hyperplasia in the PTA + saline and PTA + rAd.βgal groups was 3.9-fold larger than that in the rAd.ATF group. At the same time, compared with the rAd.A20 group, the intimal hyperplasia in the rAd.ATF group was markedly decreased ([Figure 3](#fig3){ref-type="fig"}A). Moreover, to clarify the inhibitory effect of ATF transfection on intimal hyperplasia, we detected the expression of proliferating cell nuclear antigen (PCNA) using immunochemistry and western blot, which showed that PCNA was clearly reduced in the rAd.ATF group ([Figures 3](#fig3){ref-type="fig"}B and 3C). All results confirmed that ATF transfection could strongly inhibit neointimal formation following vascular injury.Figure 3rAd.ATF Transfection Significantly Reduces Neointima Formation in This Rat Carotid Artery Restenosis Model(A) Neointima formation was assessed by H&E staining (original magnification ×400). (B) Proliferating cell nuclear antigen (PCNA) expression was assessed by immunohistochemical analysis at the operative site of carotid artery from each group at 7 days after PTA (original magnification ×400). (C) PCNA protein expression was assessed by western blotting at the operative sites of the blood vessels from each group at 7 days after PTA. Data are expressed as the means ± SD (n = 3--6). \*\*p \< 0.01 (compared with PTA + saline and PTA + rAd.βgal); ^\#^p \< 0.05.

Transfection of rAd.ATF Inhibited Inflammation in This Rat Carotid Artery Restenosis Model {#sec2.4}
------------------------------------------------------------------------------------------

Evidence has shown that the inflammatory response plays a central role in the development and progression of restenosis and that it can promote neointimal proliferation after PTA. NF-κB mediates normal biological phenomena and different states of pathology, such as cell growth, cell death, atherosclerosis, and inflammation. NF- κB activation caused by PTA may induce the expression of cytokines, including interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-α).[@bib5], [@bib6] In the present study, the role of ATF in PTA-induced inflammation was also studied by examining certain inflammatory molecules, such as NF-κBp65, IL-6, and TNF-α. Western blot for NF-κBp65 protein detection showed a substantial reduction in the neointima of the rAd.A20 and rAd.ATF groups 7 days after PTA ([Figure 4](#fig4){ref-type="fig"}A). Furthermore, IL-6, TNF-α, and matrix metallopeptidase (MMP)-9 expression in rat carotid arteries 7 days after PTA was downregulated in the rAd.A20 and rAd.ATF groups ([Figures 4](#fig4){ref-type="fig"}B--4D). These data demonstrated that rAd.ATF transfection attenuated the inflammatory responses induced by PTA.Figure 4rAd.ATF Transfection Significantly Reduces the Inflammatory Response Induced by PTA(A) NF-κBp65 protein expression was assessed by western blotting at the operative site of the carotid artery from each group at 7 days after PTA. (B--D) Proinflammatory factor (B, IL-6; C, TNF-α; D, MMP-9) expression was assessed by ELISA at the operative sites of the blood vessels at 7 days after PTA. All data are expressed as the means ± SD (n = 3--4). \*p \< 0.05 (compared with PTA + saline and PTA + rAd.βgal); \*\*p \< 0.01 (compared with PTA + saline and PTA + rAd.βgal); ^\#^p \< 0.05.

A20 Inhibited Proliferation, Migration, and Lipopolysaccharide-Induced Inflammation of SMCs via Increasing PPARα Expression {#sec2.5}
---------------------------------------------------------------------------------------------------------------------------

To further confirm whether ATF induces A20 expression in rat VSMCs, we incubated cells with rAd.ATF, rAd.A20, rAd.βgal, or saline for 7 d; then A20 expression was evaluated with real-time qPCR and western blot. The mRNA and protein levels of A20 in the rAd.A20 and rAd.ATF groups were significantly increased compared with those in the rAd.βgal and saline groups ([Figures 5](#fig5){ref-type="fig"}A and 5B). The mRNA and protein expression of A20 in the rAd.ATF-transfected group were significantly higher than that in the rAd.A20 group. These results indicate that ATF more efficiently induced A20 protein expression.Figure 5A20 inhibited Proliferation, Migration, and LPS-Induced Inflammation of VSMCs via Increasing PPARα Expression(A and B) A20 mRNA and protein expression were assessed by real-time qPCR (A) and western blotting (B) in VSMCs at 7 days after transfection. \*\*p \< 0.01 (compared with control and Ad.βgal); ^\#^p \< 0.05. (C and D) PPARα mRNA and protein expression were detected by real-time qPCR (C) and western blotting (D) in VSMCs from each group that had been treated with platelet-derived growth factor (PDGF; 50 ng/mL). \*\*p \< 0.01 (compared with PDGF and PDGF + Ad.βgal); ^\#^p \< 0.05. (E and F) The proliferation (E) and migration (F) of PDGF-induced VSMCs were detected by MTT and Transwell assays, respectively. \*p \< 0.05 (compared with control and Ad.βgal); \*\*p \< 0.01 (compared with control and Ad.βgal); ^\#^p \< 0.05. (G and H) The secretion of IL-6 (G) and TNF-α (H) in supernatants of VSMCs from each group that had been stimulated with LPS (200 ng/mL) for 48 hr was detected by ELISA. \*p \< 0.05 (compared with control and Ad.βgal); \*\*p \< 0.01 (compared with control and Ad.βgal); ^\#^p \< 0.05. These experiments were repeated at least three times; all data are expressed as the means ± SD (n = 3--4).

Interestingly, expression of A20 could also increase the expression of PPARα in hepatocytes. PPARα plays a key role in smooth muscle cell (SMC) proliferation and migration.[@bib18] To investigate the possible mechanism underlying the A20-meditied inhibition of PTA-induced restenosis, we treated VSMCs from all groups with platelet-derived growth factor (PDGF), which plays a direct role in lesion formation after vascular injury.[@bib20] We also used the PPARα antagonist GW6471 (1 mg/mL) to treat VSMCs in the rAd.ATF group. The results showed that PPARα expression was increased in the rAd.A20 and rAd.ATF groups, whereas, as expected, GW6471 partially attenuated PPARα expression in the rAd.ATF + GW group ([Figures 5](#fig5){ref-type="fig"}C and 5D). These results indicate that PPARα may be involved in the A20-mediated prevention of VSMC proliferation.

To confirm the involvement of A20 in the prevention of SMC proliferation and migration, we observed the MTT value and mobility of VSMCs in a simulated in vitro proliferation model. The MTT (methyl-thiazolyl-tetrazolium) test was conducted to evaluate VSMC proliferation following PDGF treatment. The MTT values were significantly decreased in the rAd.ATF and rAd.A20 groups compared with the control and rAd.βgal groups ([Figure 5](#fig5){ref-type="fig"}E). Representative images showed the mobility of VSMCs following PDGF treatment, indicating that fewer VSMCs migrated in the rAd.ATF and rAd.A20 groups compared with the control, rAd.βgal, and GW groups. In the absence of rAd.ATF and rAdA20, the ability to migrate to the lower compartment was enhanced in the VSMCs treated with PDGF. However, rAd.ATF or rAd.A20 significantly inhibited cell migration under these conditions ([Figure 5](#fig5){ref-type="fig"}F). In addition, the suppressive effect of ATF on VSMC proliferation and migration was weakened by GW6471 ([Figures 5](#fig5){ref-type="fig"}E and 5F). Moreover, A20 decreased the inflammatory factor expression induced by LPS (lipopolysaccharide) stimulation (200 ng/mL), and this effect was partially reversed by the PPARα antagonist GW6471 ([Figures 5](#fig5){ref-type="fig"}G and 5H). These results established that A20, a PPARα agonist, potently inhibits SMC proliferation, migration, and inflammation in vitro, partially by inducing the expression of PPARα.

Discussion {#sec3}
==========

Based on these results, it is clear that ATF-based recombinant adenoviruses can induce the expression of endogenous A20. The expression of A20 protein was markedly increased following the transfection of ATF rather than the transfection of A20 itself. Furthermore, ATF transfection can effectively inhibit carotid artery intimal hyperplasia in the rat model of restenosis. This anti-restenosis role of A20 may be mediated by the increased expression of PPARα and the inhibition of inflammation caused by the NF-κB pathway. We first initiated the expression of A20 using an ATF in restenosis model, and we determined that A20 may suppress restenosis partially through enhancing the expression of PPARα.

Eukaryotic nuclear genes are tightly regulated at both the transcriptional and the translational levels. Transcription factor (TF) proteins are the master regulators of transcriptional activity and gene expression, and hence received much attention in scientific research for drug development and the treatment of diseases.[@bib21], [@bib22] Therefore, we developed an ATF, which was delivered using adenoviruses, with the aim to specifically bind to a region upstream of A20 and mimic the structure and function of TFs. In the present study, the ATF size was only 552 bp, whereas A20 cDNA is 4,426 bp, and thus was easily transfected into the cells. We demonstrated that transfection of the ATF could more effectively upregulate endogenous gene expression than transfecting A20 itself in vitro and in vivo, making ATF transfection more desirable. Notably, we did not observe neoplasia during the long-term follow-up (up to 6 months) of mice treated with rAd.ATF, and these results clearly indicated a great potential for ATF in clinical applications.

The main drawbacks of stent implantation are in-stent restenosis (ISR) and stent thrombosis. Inflammation plays a central role in the formation and development of restenosis. NF-κB activation can promote the secretion of various inflammatory mediators, such as IL-6, monocyte chemotactic protein 1 (MCP 1), and TNF-α, and contribute to plaque formation as well as narrowing of the vessel injury site.[@bib23], [@bib24], [@bib25] Meanwhile, NF-κB activation enhances the proliferation of SMCs, contributing to the intimal hyperplasia.[@bib26], [@bib27] Therefore, inhibiting inflammatory activity is a crucial step for the prevention and treatment of restenosis after angioplasty. A20 is an important negative regulator of the NF-κB pathway and could inhibit neointimal hyperplasia by controlling inflammatory conditions after carotid artery balloon injury.[@bib11] Previously, we showed that A20-modified cerebrovascular stent implantation led to mild neointimal hyperplasia compared with the control group.[@bib28] However, the A20-modified stent could not effectively control vascular stenosis after implantation, because the stent carried few genes and poor operational stability. Hence, we increased the expression of A20 via the transfection of its ATF, which successfully inhibited local PTA-induced inflammation.

PPARα is widely expressed in many organs and tissues (such as the liver, heart, brain, kidney, and lung).[@bib29] Studies have shown that PPARα can inhibit the inflammatory response and is considered to be a new target for the treatment of inflammatory diseases.[@bib30], [@bib31] Studies have shown that PPARα agonists can improve endothelial function by inhibiting the production of adhesion molecules, such as vascular cell adhesion protein 1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1), thus altering the recruitment of lymphocytes and monocytes to the vascular wall, inhibiting the smooth muscle cell proliferation induced by IL-1 and IL-6, and repressing the progression of atherosclerosis.[@bib18], [@bib32], [@bib33], [@bib34] It is believed that the sustained overactivation of NF-κB plays an important role in the pathogenesis of hypertrophic cardiomyopathy. Studies have shown that PPARα agonists can inhibit the myocardial remodeling induced by pressure overload and improve myocardial systolic function in rats.[@bib35], [@bib36] PPARα also plays a significant role in the regulation of neuroinflammation in numerous CNS diseases. Studies have demonstrated that the PPARα agonists inhibit the secretion of inflammatory cytokines IL-1β, IL-6, and TNF-α by LPS-induced astrocytes. PPARα agonists can also reduce neurological defects, brain edema, and cell adhesion factor 1 (ICAM-1) expression in traumatic brain injury (TBI) models by activating PPARα.[@bib37] Another study showed that fenofibrate may inhibit nerve inflammation by inhibiting IL-12 family cytokines and MyD88-dependent TLR signaling in experimental autoimmune encephalomyelitis models. In addition, PPARα can also control diseases such as airway disease, inflammatory bowel disease, and liver inflammation by repressing inflammation. These results suggest that PPARα may protect against inflammation and inflammation-related diseases.

The pathological proliferation of SMCs is the direct cause of restenosis and can be promoted by the inflammatory environment of local vascular walls after PTA. Meanwhile, constitutive NF-κB activation is essential for the SMC proliferation response to vascular injury.[@bib38], [@bib39] Therefore, anti-inflammatory methods and the inhibition of SMC proliferation are ideal strategies for the prevention and treatment of ISR. PPARα is a member of the PPAR family and is expressed in SMCs; once activated, it may inhibit the proliferation and migration of SMCs treated with PDGF through inhibiting Cdk2 phosphorylation, PCNA expression, and MMP-9 production.[@bib16] Thus, increased PPARα has anti-inflammatory effects and inhibits VSMC proliferation. The present study showed that A20 overexpression may raise endogenous PPARα expression and decrease inflammatory cytokine secretion. Interestingly, as shown in the rAd.ATF + GW group ([Figures 5](#fig5){ref-type="fig"}E--5H), the PPARα antagonist GW6471 only partly diminished the effects of A20 on SMC proliferation and migration and LPS-induced inflammation, which indicates that A20 may inhibit neointimal hyperplasia partly through increasing PPARα expression. To date, the mechanism underlying A20-induced PPARα expression remains unclear. Available evidence demonstrated that A20 can potently downregulate TLR-mediated inflammation.[@bib40] On the other hand, PPARα can negatively regulate TLR4 activity, and therefore exert anti-inflammatory actions.[@bib41] Hence, whether A20 upsets the balance between inflammation and PPARα or whether there is a crosstalk between A20 and PPARα is still unclear; additional studies are required to resolve these points.

We sought to demonstrate the ability of an ATF-based recombinant adenovirus to initiate endogenous A20 protein expression and effectively inhibit neointimal hyperplasia. The effects of A20 may be partially mediated by the attenuation of PPARα-dependent inflammation, which could be a potential alternative treatment for post-operative restenosis.

Materials and Methods {#sec4}
=====================

Animal Study {#sec4.1}
------------

Male Sprague Dawley rats, 8--10 weeks old (180--220 g), were obtained and maintained in the Animal Care and Use Center of The Third Military Medical University in Chongqing, China. All procedures involving animal treatments adhered to the NIH Guide for the Care and Use of Laboratory Animals published by the NIH (8th edition, 2011) and were approved by the Institutional Committee of Animal Care and Use. Rats were randomly divided into different groups. All rats in this study were sacrificed by an intraperitoneal injection of 3% pentobarbital sodium (30 mg/kg) followed by cervical dislocation.

Construction of the Balloon Dilatation Restenosis Model in Sprague Dawley Rats {#sec4.2}
------------------------------------------------------------------------------

Rats were anesthetized by an intraperitoneal injection of 3% pentobarbital sodium (30 mg/kg). Heart rate and respiration were monitored during the surgical procedure. A quarter of the original dose of anesthesia was supplemented if the rats moved restlessly. The rat restenosis model (the PTA model) was generated as previously described.[@bib11] In brief, the right common carotid artery, right external carotid artery, and right internal carotid artery were isolated via a midline incision. The right external carotid artery was ligated with a 6-0 nylon suture, whereas the right internal and common carotid arteries were clamped with vascular clamps. A small opening was cut in the external carotid artery with eye scissors, and the balloon was inserted and inflated at three atmospheres for 20 s. The control, rAd.βgal, rAd.A20, and rAd.ATF groups were given 2 μL of saline, rAd.βgal (1 × 10^8^ transducing units \[TU\]/mL), rAd.A20 (1 × 10^8^ TU/mL), or rAd.ATF (1 × 108 TU/mL) and maintained for 20 min following the ligation of the opening in the right external carotid artery. The blood vessels affected by this surgery were collected for follow-up tests after 14 d.

Cell Culture and Transfection {#sec4.3}
-----------------------------

Rat VSMCs were prepared from thoracic aortas of male Sprague-Dawley rats (180--220 g) using the collagenase digestion method and cultured as previously described.[@bib42] The cells were grown in DMEM (HyClone) supplemented with 10% FBS (Invitrogen) at 37°C with 5% CO~2~. Approximately 1 × 10^8^ cells were collected and washed three times with PBS. The cells were fixed with 10% neutralized formaldehyde (WAKO) for 24 hr at 4°C. After three washes and incubation at 37°C for 2 hr to remove residual formaldehyde, the cells were washed again and re-suspended in PBS for use as immunogens. At 85% cell confluence in six-well plates, the medium (DMEM + 10% FBS) was changed to serum-free medium for an additional 24 hr to starve the cells prior to the experiments. A ZFP plasmid targeting the A20 gene was kindly provided by Dr. Yong Wei (Department of Anatomy, The Third Military Medical University). The A20 plasmids were from our laboratory, and the recombinant adenoviral vectors were generated by Invitrogen. VSMCs in the rAd.βgal, rAd.A20, and rAd.ATF groups were transduced at an MOI of 100 plaque-forming units (PFUs) per cell, resulting in the expression of the transgene in 95%--100% of cells. The medium was replaced by normal culture medium, and the cells were cultured for 7 days after 8 hr of rAd.βgal, rAd.A20, or rAd.ATF transfection. Control groups were treated with saline.

Assays of Cell Proliferation, Migration, and Inflammation {#sec4.4}
---------------------------------------------------------

The cell proliferation was measured using the MTT assay as previously described.[@bib43] In brief, cells from different groups were washed with PBS and treated with PDGF (10 ng/mL) for an additional 72 hr; then each well of the plate was treated with 100 μL of MTT solution (0.5 mg/mL) and incubated at 37°C with 5% CO~2~ for an additional 2 hr. The resultant crystals were solubilized in 500 μL of DMSO, and the optical density (OD) at 450 nm was evaluated and used to calculate the cell proliferation.

The migration of VSMCs in each group through polycarbonate filters with 8-μm pores was measured with a Boyden chamber (24-well unit; Corning) as previously described.[@bib22] VSMCs were seeded (1 × 10^5^ cells) into the upper chamber of the plate, whereas serum-free DMEM supplemented with 50 ng/mL PDGF was placed in the lower compartment. After 72 hr of incubation at 5% CO~2~, the cells on the underside of the membrane were visualized with a Giemsa stain and quantified. VSMCs of the rAd.ATF + GW group were treated with 25 μM GW6471 (GW, a specific PPARα antagonist dissolved in DMSO; Sigma), and the GW was added to the upper compartment. Research has demonstrated that LPS stimulation concurrent with balloon angioplasty in rabbit iliac arteries facilitated neointimal formation. Therefore, for the evaluation of cell inflammation, LPS was used to simulate the inflammatory responses induced by PTA.[@bib44] VSMCs from each group were treated with LPS (200 ng/mL) for 48 hr; then the cell culture supernatant was collected, and the concentration of IL-6 or TNF-α was assayed using ELISA.

Real-Time qPCR {#sec4.5}
--------------

Total RNA was isolated with a TRIzol reagent kit (Invitrogen), and cDNA was synthesized using the iScript cDNA synthesis reagent (Fermentas) according to the manufacturer's instructions. Real-time qPCR was performed in the Bio-Rad iQ PCR machine (Bio-Rad) with the iQ SYBR Green reagent. The primers were purchased from Shanghai Sangon Biotech. The primer sequences used in the study are TNFAIP3, F (forward): 5′-CTCTTCTCCTTTCTGTCCTCAGGTG-3′, R (reverse): 5′CGTGTGTCTGTTTCCTTGAGCGTGGTG-3′; and PPARα, F: 5′-CGGGTCATACTCGCAGGAAAGR-3′, R: 5′-TGGCAGCAGTGGAAGAATCG-3′. Relative gene expression was calculated using the comparative cycle threshold (Ct) method (2-ΔΔCT) as described by the manufacturer. The results were expressed relative to controls.

Western Blot {#sec4.6}
------------

A20, PCNA, PPARα, and NF-κBp65 proteins from carotid artery tissues or cultured VSMCs were resolved by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes by electroblotting. A monoclonal rabbit anti-TNFAIP3 antibody (Novus), a monoclonal mouse anti-PCNA antibody (Abcam), a polyclonal rabbit anti-PPARα antibody (Santa Cruz), and an NF-κBp65 antibody (Abcam) were used as primary antibodies, and β-actin (Santa Cruz) served as the internal control.

Histology and Immunochemistry {#sec4.7}
-----------------------------

Rats were perfused with saline and 4% paraformaldehyde (PFA); then carotid artery samples were recovered and fixed in 4% buffered PFA. Sections (5.0 μM) were stained with H&E for morphological evaluation. We examined neointima formation with the intima/media (I/M) ratio, which was determined using NIH Imaging software in a blinded fashion as previously described.[@bib42] Six rats were used per time point per group, and 6--10 serial sections, 50 μm apart, were examined for each vessel. Immunohistochemical analyses were performed using anti-TNFAIP3 antibody (Novus) and anti-p65 antibody. Immunostaining was evaluated by counting the number of positive cells per high-power field (HPF). We used the appropriate secondary antibodies and isotype-specific negative controls for each antibody. A minimum of three HPFs per slide were analyzed in a blind fashion by inverted microscope.

ELISA {#sec4.8}
-----

The blood vessels at the operative site of each group were collected 3 days following balloon injury. Cytokine and MMP-9 levels in plasma were measured using the mouse MMP-9, IL-6, and TNF-α ELISA kits (R&D Systems) according to the manufacturer's protocol.

Statistical Analysis {#sec4.9}
--------------------

Statistical analysis was performed using GraphPad Prism. All data are expressed as means ± SD or SE. The results were analyzed by one-way ANOVA followed by a Bonferroni post hoc test or Kruskal-Wallis test for multiple comparisons. All p values \<0.05 were considered statistically significant.
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